Abstract Based on a physical treatment of the star formation law similar to that given by Efstathiou, we have improved our two-component chemical evolution model for the Milky Way disk. Two gas infall rates are compared, one exponential, one Gaussian. It is shown that the star formation law adopted in this paper depends more strongly on the gas surface density than that in Chang et al. It has large effects on the history of star formation and gas evolution of the whole disk. In the solar neighborhood, the history of chemical evolution and star formation is not sensitive to whether the infall rate is Gaussian or exponential. For the same infall time scale, both forms predict the same behavior for the current properties of the Galactic disk. The model predictions do depend on whether or not the infall time scale varies with the radius, but current available observations cannot decide which case is the more realistic. Our results also show that it would be inadequate to describe the gradient evolution along the Galactic disk by only one word "flatter" or "steeper", as was suggested by Hou et al. and Chiapinni et al. We point out that both the absolute value and the evolution of the abundance gradient may be different in the inner and outer regions.
INTRODUCTION
Models of chemical evolution, which focus on long-term features and average trends of galaxies, have proven to be one of the powerful tools to explore the formation and evolution of galaxies. During the past decades, a large number of such models have been developed, aiming to explore details of the Galactic formation and evolution, either with radial inflows (e.g. Götz & Köppen 1992; Chamcham & Tayler 1994; Tsujimoto et al. 1995; Firmani et al. 1996 ; Thon & Meusinger 1998; Portinari & Chiosi 2000) or without radial flows (Ferrini et al. 1994; Prantzos E-mail: crx@center.shao.ac.cn & Aubert 1995; Giovagnoli & Tosi 1995; Carigi 1996; Chiapinni et al. 1997 Chiapinni et al. , 2001 Allen et al. 1998; Prantzos & Silk 1998) ; Boissier & Prantzos 1999; Chang et al. 1999; Portinari & Chiosi 1999; Goswami & Prantzos 2000; Hou et al. 2000; Liang et al. 2001) . Some promising chemico-dynamical evolutionary models for the Milky Way have also been developed by a few groups (Steinmetz & Müller 1994; Samland et al. 1997; Berczik 1999) .
In general, the chemical evolution of the Galaxy has been traditionally studied with semianalytic and numerical techniques based on a classical set of equations (Pagel 1997) . Two important ingredients of the model concern the gas infall rate and the star formation rate (SFR). The later is often determined from the observations. For instance, the form, SFR ∝ Σ k g (Σ g is the gas surface density), was suggested by Kennicutt (1989 Kennicutt ( , 1998 on the basis of the observed average SFR versus gas surface density in spirals. The infall rate is always simply assumed to be either exponential or Gaussian on purely phenomenological grounds in order to account for the "G-dwarf" problem in the solar neighborhood. Indeed, models adopting these forms have been quite successful in reproducing the main features of the Milky Way. We note that comparatively few models without radial flows have attempted to model the Galactic halo (Chiapinni et al. 1997 (Chiapinni et al. , 2001 Chang et al. 1999; Goswami & Prantzos 2000) . In particular, Chiapinni et al. (1997 Chiapinni et al. ( , 2001 ) and Chang et al. (1999) have suggested a scenario where the Galaxy disk forms as a result of two infall episodes, the thick and the thin disk being formed on two different time scales.
Despite the success, some important differences exist among these various models. The most important one concerns the history of the metal abundance profile: was it steeper or flatter in the past? The former is suggested by the models of Prantzos & Aubert (1995) , Mollá et al. (1997) , Allen et al. (1998) , Boissier & Prantzos (1999) , Hou et al. (2000) . The latter is supported by those of Tosi (1988) and Chiappini et al. (1997 Chiappini et al. ( , 2001 ). However, we shall show in this paper that it would be inadequate to describe the gradient evolution along the Galactic disk simply by "flatter" or "steeper". We argue that the gradient may differ between the inner and outer regions. Its value strongly depends on the chemical composition of the infall material, and it is correlated strictly with the mechanism of Galaxy formation, including the formation of the halo.
In our previous paper (Chang et al. 1999) , we have developed a two-component model for the chemical evolution of the Milky Way disk. Both the pre-thin and post-thin scenarios for the formation of the thick disk were considered. In that paper, our main purpose was to explore which scenario (post-thin or pre-thin) is more acceptable by comparing the model predictions and available observed data. It turned out that the post-thin model was more viable.
Here, we present an improved version of the post-thin model, in which a more physical method of treating the law of disk star formation from Efstathiou (2000) is adopted. In this case, the star formation rate is determined by balancing the energy dissipated in collisions between cold gas clouds with that supplied by supernovae in a disk marginally unstable to axisymmetric instabilities (see section 2.3). We also compare two forms of gas infall rate: one is exponential and the other is Gaussian. Our explicit purposes are: (i) to explore the influence of both the new adopted star formation law and two infall rates on the star formation history and gas evolution of the Milky Way disk; (ii) to see the evolution of abundance profiles along the Galactic disk.
In Section 2 we give a brief introduction of the adopted basic model and present detailed descriptions of the assumed infall rate and the new treatment of SFR. Section 3 introduces our adopted observations. Section 4 contains detailed comparisons between our numerical results and the observational data, and Section 5 presents our conclusions.
BASIC MODEL
The basic assumptions of the adopted model for the chemical evolution of the Milky Way disk were described in details in Chang et al. (1999) . It is assumed that the Galactic disk is sheet-like, which originates and grows only from the infall of cold gas. The disk is considered to be a system of independent rings each 1 kpc wide. Neither radial inflows nor radial outflows are considered. The ring centered at the Galactocentric distance r = 8.5 kpc is labeled as the solar neighborhood.
The Infall Rate
In our previous work (Chang et al. 1999) , we have developed a two-component model of the Galactic disk to investigate its chemical evolution. It is assumed that the formation of the thick and thin disks occurs in two main accretion episodes with both infall rates being Gaussian. Both the pre-thin and post-thin scenarios for the formation of the thick disk are considered. For the pre-thin model, the first infall episode forms the thick disk, which originates from a fast dissipative collapse. The second infall episode, which occurs some time later, forms the thin disk component with a time-scale much longer than that of the thick disk. Contrary to the pre-thin model, the post-thin model assumes that the first infall episode forms the thin disk. The thick disk forms later as a result of some actions on or by the thin disk. In the previous paper, we tried to find out which scenario (post-thin or pre-thin) is more acceptable by comparing the model predictions with available observations. It turned out that the postthin model was more viable. Indeed, this scenario could readily account for the evolution of the solar neighborhood and reproduce quite successfully the main observations (such as the age-metallicity relationship, the metallicity distribution of G dwarfs, the correlation between [O/Fe] and [Fe/H], the present-day local thick disk density). Moreover, the model predictions for the disk as a whole are successful. The adopted best-fit model leads to present-day radial profiles of the SFR, the gas and an oxygen abundance gradient, which are in fair agreement with the observed results.
One of the important ingredients for the model of chemical evolution is the gas infall rate. Current popular models of the disk galaxy formation are semi-analytic models within the framework of hierarchical structure formation theory (White & Rees 1978; White & Frenck 1991; Kauffmann et al. 1993; Mo et al. 1998; Somerville & Primack 1999; Efstathiou 2000) , which allow us to model the astrophysical processes involved in a physical way. These models postulate that the formation of a galaxy is mainly regulated by gas cooling, dissipation, star formation, and supernovae feedback. However, for simplicity, chemical evolution models always adopt a simple form of gas infall rate to represent these complicated processes. This choice is acceptable, at least for a first-order investigation. Blitz et al. (1999) has given observational support for this adoption, showing that the Milky Way and M31 are currently accreting substantial amounts of gas (∼ 1M yr −1 ) in the form of high velocity clouds of low metallicity. The detection of a massive, low metallicity (0.09 times solar metallicity) cloud falling into the disk of the Milky Way was also reported by Wakker et al. (1999) . The authors have given strong arguments for an extragalactic origin for the gas infall.
Therefore, a simple form of gas infall rate can be considered as a simple and alternative method to explore the main features of the gas cooling process at the current stage of knowl-edge. In fact, it is the obvious advantage of chemical evolution models to explore the intrinsic characteristics of complicate processes which are still unknown, based on simple assumptions (Pagel 1997) .
Different forms of gas infall rate have been explored in several models, but not all of them can solve the basic "G-dwarf" problem. Here, we will consider two commonly adopted infall forms in order to explore their differences and influences on the Galactic disk evolution. The free parameters they contain are adjusted so as to give a best fit between the model predictions and observations.
One of the adopted forms is the Gaussian in which the rate of mass accretion (in unit of M pc −2 Gyr −1 ) in each ring is expressed as
where τ t and τ d (in units of Gyr) are the maximum infall time of the thick and thin disk respectively, σ t and σ d (in units of Gyr) are the corresponding half-widths. It is assumed that σ t ≈ τ t and σ d ≈ τ d (Chang et al. 1999) . The infall rate f (r, t) is normalized to the present-day local disk density, i.e., tg 0 f (r, t) dt = Σ tot (r, t g ), where Σ tot (r, t g ) is the present-day total (star + gas) surface mass density of the ring centered at Galactocentric radius r, t g is the age of the Galactic disk. Assuming that the present-day total masses of the different rings exponentially decrease with increasing Galactocentric distance, both in the thin and thick disk with the same scale-length r d , the form of A(r) and B(r) in the post-thin model can be written respectively as
where t max represents the epoch at which the formation of the thick disk begins, Σ tot (r , t g ) is the present-day total surface density in the solar neighborhood, and Σ thick (r , t g ) is the present-day local surface density of the thick disk. The other form of the gas infall rate is assumed to be exponential, where the rate of gas infall (in unit of M pc −2 Gyr −1 ) in each ring is expressed as
where τ t and τ d (in units of Gyr) are the infall time scales of the thick and thin disk, respectively. Using the same method described above, the form of A (r) and B (r) can be written as
It can be seen that, if τ t , τ d and t max do not vary with radius, Eqs.
(1)-(3) guarantee that the disk increases as a whole and is exponential at every step of evolutionary time. If τ d increases with radius (which means that the gas cools faster in the inner than the outer disk), then the disk builds up in an "inside-out" scenario, that is, the inner disk forms earlier than the outer disk. The situation is similar for the case of exponential gas infall rate.
To explore the influence of different forms of gas infall on the evolution of Galactic disk, we adopt four models in this paper. See Table 1 . These models differ only in the gas infall rate and the infall time scale: all the other ingredients (such as star formation law, stellar initial mass function etc.) are the same. Table 1 Four Models Adopted in the Paper
Initial Mass Function (IMF)
The adopted stellar initial mass function is taken from Kroupa et al. (1993) , in which the IMF is described by a three-slope power law, φ(m) ∝ m −(1+x) . In the high-mass region the IMF has a relatively steep slope of x = 1.7, while it flattens in the low-mass range (x = 1.2 for 0.5M ≤ m ≤ 1.0M and x=0.3 for m < 0.5M ). The adopted IMF is normalized to
Star Formation Rate (SFR)
Among various ingredients for Galactic evolution studies, the star formation rate is the most important and the least understood. Despite more than 30 years of observational and theoretical work, the Schmidt law still remains popular. However, this kind of treatment is very phenomenological. A more precise description should also be tested in the framework of galaxy formation theory (that is under standard CDM model, Efstathiou 2000) . In the present work, we adopt the star formation law similar to that in Efstathiou (2000) , to which we refer for a detailed description. The main idea is that the star formation rate is determined by balancing the energy dissipated in collisions between cold gas clouds with that supplied by supernovae in a disk marginally unstable to axisymmetric instabilities. Below we present an overview some of the main features.
The stability criterion for a two-component (stellar and gas) rotating disk can be written as
where Σ g is the gas surface mass density and κ is the epicyclic frequency
in which ω is the circular frequency. The quantities α and β are related to the vertical velocity dispersion σ 2 * and surface mass density Σ * of the star to those of the gas cloud
Here we assume α = 5 (Efstathiou 2000) . Equation (7) is identical to the Goldreich-Lyden-Bell criterion except for the factor g(α, β). We refer to Efstathiou (2000) and Jog & Solomon (1984) for details of the calculation of g(α, β).
For the IMF adopted in this paper, one supernova is formed for every 250M of star formation assuming that massive stars (m > 9M ) explode as supernovae and release 10 51 E 51 erg in kinetic energy. Therefore, the energy injection rate per unit surface area (in units of erg s −1 pc −2 ) can be expressed asĖ
where ψ is the star formation rate in M pc −2 Gyr −1 .
On the other hand, cold clouds lose energy through inelastic collisions. The rate of energy loss per unit surface area (in units of erg s −1 pc −2 ) is given bẏ
where Σ g5 is the gas surface mass density in units of 5M pc −2 and σ g5 is the cloud velocity dispersion in units of 5 km s −1 . Assuming that the energy lost in cloud collisions is balanced by a constant fraction c of the energy input from supernovae cĖ
In this model c is a free parameter.
To obtain the epicyclic frequency κ, the circular speed of both the halo and the disk should be known. It is assumed that the dark halo can be described by the Navarro, Frenk & White (1996) profile. The circular speed corresponding to this profile is
where x≡r/r v , r v is the virial radius at which the halo has a mean overdensity of 200 with respect to the background, M v the mass of the halo within the virial radius and c a concentration parameter. We assume that the disk surface mass density distribution at the current time is described by an exponential
where Σ tot (r, t g ) is the total (star + gas) surface mass density of the ring centered at Galactocentric radius r, M D the total disk mass and r d the disk scale length. The rotation curve of a cold exponential disk is given by Freeman (1970) 
where y≡ . The ratio of disk scale length to virial radius of the halo is defined as the collapse factor, and it is assumed rv r d ≡f coll = 50 (Efstathiou 2000) . In summary, the disk of stars and gas is constrained to satisfy the stability criterion of Equation (7), which fixes the cloud velocity dispersion σ g . The star formation rate is regulated by the energy balance between cloud collisions and supernovae explosions. Accordingly, the final form of the star formation rate is derived by inserting Equation (7) into Equation (12).
Stellar Ejecta and Nucleosynthesis
We assume that, except for Type Ia supernovae (SNIa), any star evolves as a single star even if it is a member of a binary system. It is also assumed that every single star ejects its envelope just after leaving the main sequence. All massive stars (m > 9M ) explode as type II supernovae (SNII), leaving behind a neutron star of mass m R = 1.4M . The final stage of the intermediate /low mass star (M ≤ 9M ) is a white dwarf. SNIa are thought to originate from carbon deflagration in C-O white dwarfs in binary systems. The treatment of the contribution of SNIa is the same as that of Matteucci & Greggio (1986) .
We concentrate in this paper on the evolution of the abundance of iron and oxygen, although the initial metallicity has a large effect on stellar yields, this effect can be ignored for iron and oxygen (see figure 1 of Goswami & Prantzos 2000) . So the yields obtained from the solar metallicity SNII and SNIa model are adopted in this paper (Woosley & Weaver 1995; Woosley 1997) .
OBSERVATIONAL CONSTRAINT
A successful model of the chemical evolution of the Galactic disk should reproduce the main observational features of both the solar neighborhood and the whole disk. The main observations considered here are: (1) the metallicity distribution of long-lived G-type stars in the solar neighborhood; (2) the current surface densities of gas, star and SFR in the solar neighborhood; (3) the age-metallicity relation (AMR); (4) the [O/Fe] vs. [Fe/H] relation, interpreted in terms of a delayed appearance of SNIa, which produces most of the Galactic iron; (5) the radial abundance profile, obtained from nebulae and early young stars; (6) the radial profile for the gas surface density; and (7) the variation of the Star Formation Rate (SFR) along the Galactic disk radius.
We have selected two observational constraints, the current gas surface density and the Gdwarf metallicity distribution function in the solar neighborhood to constraint the free parameters in the model. The other observations are used for comparison with the model predictions. 
NUMERICAL RESULTS AND DISCUSSION
We numerically solve the classical set of equations of galactic chemical evolution (Chang et al. 1999) . The instantaneous-recycling approximation (IRA) is relaxed, but instantaneous mixing of the gas with the stellar ejecta in a given ring is assumed, i.e., the gas is characterized by a unique composition at each epoch of time. The initial condition is that the disk surface mass density is zero. Then, the cold disk builds up gradually at a rate given by Equation (1) or (4). The star formation rate is regulated by Equations (7) and (12). It should be emphasized that the epicyclic frequency κ varies as the mass of the disk increases with the evolutionary time. The circular speed of the disk component (Equation (15)) is simply re-scaled by the square root of the disk mass at each time step (note:
) . ) and the efficiency factor c in Equation (12). These two parameters are chosen to reproduce the observed properties of the solar neighborhood, namely the G-dwarf metallicity distribution function and the present-day gas surface density, which is: Σ g (r , t g ) = 10.0M pc −2 (Scoville & Sanders 1987; Prantzos & Aubert 1995; Sackett 1997) . Figure 1 for the G-dwarf metallicity distribution and Figure 2 (upper panel) for the present day gas surface density. These two set of parameters are adopted for the corresponding models throughout this paper. Rocha-Pinto & Maciel (1996) (dash histogram). Using a method similar to that of Rocha-Pinto & Maciel (1996) , Hou et al. (1998) recalculated the metallicity distribution without the chemical criterion that Rocha-Pinto & Maciel (1996) have used to exclude the halo stars. The resulted distribution which Hou et al. (1998) derived is similar to the final distribution of Rocha-Pinto & Maciel (1996) , except for the metal-poor tail. Figure 1 shows that a reasonable agreement between the predictions and observations is reached for both models, but the low metallicity tail is higher in the models than in the data. It can also be seen that the model A gives a better agreement with the observations, and that Model B predicts a sharp cutoff of metal-rich stars. The small difference between Figure 1 and the figure in Chang et al. (1999) results from the different treatment of the star formation law. However, as we will see in Section 4.4, the effect of the SFR is mainly on the past evolution of the disk.
The Solar Neighborhood
Recently, Haywood (2001) presented a revised metallicity distribution of dwarfs in the solar neighborhood. This distribution differs greatly from that of Rocha-Pinto & Maciel (1996) and Hou et al. (1998) : it is centered at [Fe/H] ∼ 0, not [-0.3, -0 .1]. To accommodate this new distribution, the infall time scale in our models must be increased since a larger time scale corresponds to a higher peak and may push the peak into a higher metallicity tail. Moreover, the fraction of Type Ia supernovae must be increased in order to reproduce a larger number of metal rich stars. Nevertheless, this would result in a higher ratio of SNIa to SNII, which contradicts the observations. In short, which distribution represents better the real situation still needs further exploration. Figure 2 shows the time evolution of gas, star and star formation rate in the solar neighborhood predicted by Model A (solid lines) and Model B (dash lines). The star formation history (bottom panel) is represented by the ratio of SFR at evolutionary time t to the average SFR during the whole lifetime, as suggested by Scalo (1986) . It can be seen that the star formation rate is almost zero at early times when the gas surface density is low. It suggests that the disk stability criterion has a large effect on the star formation history of the Galactic disk. We will discuss these effects further in Section 4.4. Evidence for at least three epochs of enhanced star formation in the Galaxy disk was found. It should be emphasized that these authors paid much more attention to the variation of the SFR than to the overall average picture. Therefore, it is difficult to compare our results with theirs since a smooth gas infall rate is adopted in our model, which can only predict a smooth star formation history. In a forthcoming paper, we will discuss whether an intermittent gas infall rate can or cannot reproduce such an irregular star formation history.
After calibrating the free parameters from the G-dwarf metallicity distribution and the current gas surface density in the solar neighborhood, we now present the model results for the age-metallicity relation in Figure 3 Our results suggest that orbital diffusion in a homogeneous galaxy is not sufficient to explain the scatter because our model prediction for the present abundance gradient near the solar circle is small (see Figure 8) . Moreover, if orbital diffusion is the main producer of the scatter, the scatter should increase with age since the abundance gradient gets steeper in time (see Figure 10 In summary, we see that adopting different infall laws does not produce any significant effect on the chemical properties of the solar neighborhood. The star formation rate is almost zero at early time when the gas surface density is low. This indicates that the disk stability criterion has large effects on both the star formation history and the abundance profile along the Galactic disk. 
Radial Profile of Gas Density and Star Formation Rate
Now we turn to the radial profiles of the gas density and star formation process. A successful model should not only reproduce the observed data in the solar neighborhood, but should also agree with the main profiles for the whole disk. Since there is essentially no constraint on the past history of the Milky Way disk (abundance gradient from Planetary Nebula and open clusters might be a tracer, see Hou et al. 2000 ; however, see discussion in Section 4.3), there is much more freedom in its modeling than for the solar vicinity. Of the set of observational data, the radial distribution of gas surface density is the most difficult to reproduce by our models. Our four models (A to D) can fit quite well the observed data in the outer regions (r > r ), but we obtain a rather broad distribution around 4 to 6 kpc, while the observed data show a peak there, as can be seen in Figure 5 . The chemical evolution model focuses on long-term phenomena and average trends of galaxies and does not consider the influence of dynamical evolution. So it is very difficult for the model to fully reproduce the observed gaseous profile in the inner Galaxy since other factors may have shaped the profile there, e.g., the presence of a bar that induced radial inflows and enhanced the local SFR.
However, models A to D can all reproduce reasonably well the radial profile of the current star formation rate, as shown in Figure 6 . It can be seen from Figures 5 and 6 that there are no real differences between predictions of Model A and Model B, or between Model C and Model D. This suggests that, if the adopted infall time scale is similar, then both the Gaussian and the exponential form of infall rate will yield a similar behavior for the current profile of the whole disk, although they predict very different gas evolution histories (see Figure 2) . Significant difference exists between the predictions of Model A and Model C for the inner region of the disk (r < r ). Since a model of shorter infall time scale corresponds to a faster process of star formation and gas consumption, Model C predicts a deeper inner hole in the radial gas profile ( Figure 5 ) and a weaker variation of star formation rate across the disk ( Figure  6 ) than does Model A. There is a similar difference in the behaviors of Models B and D. Lyne et al. (1983) (dots) and Guibert et al. (1978) (circles), normalized to the star formation rate in the solar neighborhood.
Since Model A and Model C represent different scenarios of disk formation, we display in Figure 7 the predicted radial profiles of Model A (two left panels) and Model C (two right panels) for both the total (gas + star) density and the gas-only density at four different evolutionary times t = 3, 6, 9 and 13 Gyr. It can be seen that the radial dependence of infall time scale has great influences on the evolution of the surface densities. However, as we see from Figures 5, 6 and 8 (in Section 4.3), it is difficult to conclude, from the current observed radial profiles, which of the two cases, dependence or independence of the time scale on the radius, is the more realistic one.
According to the adopted infall form, if τ d does not vary with radius, the disk keeps the exponential form with scale length r d = 2.7 kpc at each epoch of evolutionary time. The mass density at different radius will increase as a whole with the same rate. However, Model C predicts that the inner disk builds up faster than does the outer disk because of the assumption that the infall time scale increases with the galactocentric distance. The total mass density of the disk can still be roughly expressed as exponential, but its scale length is no longer a constant and increases with time, which is consistent with results of some analytical models of disk galaxy formation (Mo et al. 1998) . However, for the sake of simplicity, in the model calculations, a constant scale length is adopted. This is inconsistent with the real situation but is acceptable as a first order approximation. Fig. 7 Results of Model A and Model C for the radial profile of total (gas + star) and gas density at different evolutionary times t = 3 Gyr (dotted lines), 6 Gyr (dot-dash lines), 9 Gyr (dash lines) and 13 Gyr (solid lines).
Abundance Profile along the Galactic Disk
Abundance gradients constitute one of the most important constraints for models of the evolution of the Milky Way disk. The existence of such gradients is now well established and offers an opportunity to test theories of disk evolution and stellar nucleosyhthesis. Among different elements, oxygen is one of the best tracers in determining the radial abundance profile along the Milky Way disk. An average gradient of d log (O/H)/dR ∼ −0.07 dex kpc −1 is obtained in the Milky Way disk through radio and optical observations of HII regions, earlytype B stars and planetary nebulae (see Hou et al. 2000; Chiappini et al. 2001 for a compilations of the abundance gradients). When we plot all the available data, a significant scatter (up to 1.0 dex) exists at a given radius. Observed abundance data for the outermost part of the disk are still rare. However, after a consistent analysis of their own and previous data on HII regions, Deharveng et al. (2000) concluded that the gradient is about −0.04 dex kpc −1 , ∼ 40 % smaller than was generally thought. Recently, Smartt et al. (2000) found that the oxygen abundance of B stars in the inner Galaxy is compatible to that in the solar neighborhood. That means a zero gradient for the inner disk.
Our predictions for the current abundance gradients are plotted in Figure 8 . Four cases (A, B, C and D) are presented. The observed data are taken from different references, as indicated in the caption of Figure 8 . From Fig. 8 we can find: (i) The four models are indistinguishable in the inner region, while small differences exist in the outer region. This indicates that the resulted abundance distribution is not sensitive to details of the gas infall process after the star formation and chemical enrichment have reached a certain level. However, the gas infall rate has a large influence on the early stage of the disk evolution or on the properties of the outer region of the disk when (or where) no significant star formation occurs. (ii) There is no gradient in the inner region, consistent with the recent data of Smartt et al. (2000) . This is due to the fact that the metal abundance is diluted by the numerous low-mass, long-lived stars of the first stellar generation. The ejection rate of that material at late times is greater than the metal production rate since most of the gas in the inner disk has been consumed at that time. (iii) A steep gradient exists in the outer part of the disk. It seems inconsistent with the current available data, which show a flatter oxygen gradient in the outer part of the disk. The reason is that in our simulated "inside-out" infall model, there is always less gas density in the outer region where no significant star formation takes place, and hence, less metal is produced. Shaver et al. (1983) (points), Fich & Silkey (1991) (open circles), Vilchez & Esteban (1996) (asterisks) and Deharveng et al. (2000) (pentagrams). The observations of early B-type main-squence stars are taken from Smartt et al. (1997) (open squares), Gummersbach et al. (1998) (triangles) and Smartt et al. (2000) (crosses).
The problem could partially be solved by adopting a PIE (Prompt Initial Enrichment) model which assumes that the infalling gas from the halo has been already enriched. In this model, we assume that the infalling gas has metallicity [O/H]= −1.0. The other ingredients are the same as in Model A. The result is plotted in Figure 9 . Due to the fact that star formation rate is very low in the outer disk, the solid line in Figure 9 flattens slowly with increasing radius, which seems compatible with the observations. Therefore, although the pre-enriched or primordial infalling gas has little effects on the chemical evolution of the solar neighborhood, it does influence the radial distribution of elemental abundance, especially the distribution in the outer disk. It should be pointed out that the chemico-dynamical model for the Milky Way (Samland et al. 1997 ) predicted an oxygen abundance gradient that flattens considerably in the outer disk, which agrees with Figure 9 . Observations of Vilchez & Esteban (1996) and Maciel & Quireza (1999) also suggested such a flattening although Deharveng et al. (2000) argued that there is no convincing observational evidence for this up to now.
Although most chemical evolution models could successfully predict the current radial abundance profile, there still exists important difference concerning the history of the abundance gradient: Was it steeper or flatter in the past? The former is suggested by the models of Prantzos & Aubert (1995) , Molla et al. (1997) , Allen et al. (1998) , Boissier & Prantzos et al. (1999) , Hou et al. (2000) , while the latter is supported by the models of Tosi (1988) , Chiappini et al. (1997 Chiappini et al. ( , 2001 ). The situation is not settled observationally either (see discussion in Hou et al. 2000) . We have computed, for two cases, the evolution of the oxygen abundance gradient, see Figure 10 . The upper panel is for Model A, and the lower panel is the PIE model. Two points can be made: (i) In Model A, the oxygen abundance gradient is steeper at early stage of the disk formation and it flattens as a stellar disk is built up gradually. This result agrees with those models that predict a flattening in time. It is also a reasonable result of those models that form the disk "inside-out" from the primordial infalling gas. (ii) A different behavior appears in the PIE model, which shows similar trends to those in Chiappini et al. (2001) . Here, the abundance in the outer disk is heavily dependent on the chemical composition of the infalling gas. Since our adopted SFR is related to the disk instability (hence to the gas surface density), the effect of such a treatment is to maintain an almost constant metallicity at large radius where gas is always relatively low and star formation rate is also low. This is nearly identical to the treatment of Chiapinni et al. (2001) who adopted a threshold gas density for the SFR. In summary, it is probable that the gradient along the Galactic disk cannot be described by a single value, that the time evolution cannot be described by only a single word, "steeper" or "flatter". The value of a single linear gradient strongly depends on how it is calculated. It is true that a finite gradient exists since the abundance is low in the outer region and high in the inner disk. However, the situation could be different between the inner and outer disk as can be seen in Figure 10 . For the inner region (galactocentric distance less than 10 kpc, say), both models (that is, model with primordial infalling gas and the PIE model) predict a gradient flattening with time. For the outer region, Model A predicts no significant time variation of the gradient, at a value greater than that for the inner disk, whereas the PIE model predicts a (possibly) steepening tendency of the gradient. There are some observational hints for different gradients for both the inner and outer disks. Simpson et al. (1995) suggested a two-step distribution of the current oxygen abundance along the Galactic disk based on their infrared line observations of HII regions. From a sample of open clusters, Twarog et al. (1997) also proposed a two-step iron abundance distribution on the Milky Way disk with transition around 10 kpc. Theoretically, the gradient evolution not only depends on the adopted forms of SFR and infall rate, but is also heavily affected by the chemical composition of the infalling gas.
Role of Different Star Formation Laws
Star formation rate (SFR) is one of the most important ingredients of Galactic chemical evolution model. Most of models adopt some empirical forms of SFR based on observations (e.g. Kennicutt 1998) . We now compare the results of Model A with those of the post-thin model in Chang et al. (1999) which uses the following SFR:
where ν is constrained to reproduce the current gas surface density of the solar neighborhood. We denote this model as Model E. It should be noticed that all the other ingredients of Model E are the same as in Model A. A comparison for the solar neighborhood is given in Figure 11 , where we show the time evolution of the gas density (upper panel) and the SFR (lower panel) for Model A (solid line) and Model E (dash line). It can be seen that, at early time (t < 1.5 Gyr), Model A predicts a smaller SFR than does Model E, although the gas surface densities are almost same. Then, in Model A, the SFR increases rapidly and reaches a peak value earlier than in Model E. This means that Model A predicts a faster star formation and gas consumption process in the solar neighborhood. As time goes on, the SFR in Model A decreases faster than in Model E due to a more rapid gas consumption, but both models give final values that are compatible with the observations. Therefore, the adopted SFR in this paper depends more strongly on the gas surface density than in Equation (16). The predicted radial profiles for the two models are displayed in Figure 12 : upper panel for the current gas surface density, middle panel for the SFR, lower panel for the oxygen abundance. From Fig. 12 we gather that (i) The predicted current gas surface density by Model A is lower in the inner region and higher in the outer region compared to Model E. This is because the star formation law adopted in Model A depends more strongly on the gas density. It predicts that gas consumption is faster in the inner than in the outer region, consistent with the results given in Figure 12. (ii) The radial profiles of SFR are similar for most regions of the disk. This is partly due to the fact that the star formation rate is normalized to the solar neighborhood. However, in the outer edge of the disk (r > 14 kpc), the dash line begins to become higher than the solid line, especially for the metallicity profile (see lower panel of Figure 12 ). This is because the star formation law adopted in Model E depends more weakly on the gas surface density. It predicts a higher star formation rate than Model A when the gas surface density is low. An important fact is that Model A predicts a very low star formation rate in the outer edge of the disk. It suggests that the star formation law presented by Efstathiou (2000) can predict that the stellar disk is truncated at about the Holmberg radius (r/r d ≈ 5), which is in rough agreement with the observations. No arbitrary threshold for star formation is needed.
In summary, the star formation law adopted in this paper depends more strongly on the gas surface density than that in Chang et al. (1999) . It has large effects on star formation, gas evolution and metallicity of the disk, especially for the outer region of the disk.
SUMMARY
Based on a new treatment of SFR and two forms of infall laws, we have improved our previous two-component chemical evolution model for the Milky Way disk. The gas infall rate is assumed to be a simple function of Galactocentric radius and evolutionary time. To explore the influence of different gas infall forms on the evolution of Galactic disk (gas density, SFR, metallicity profile and so on), we use four different models. Comparisons between the model results and observations for both the solar neighborhood and the whole disk are presented. We also discuss the influences of different star formation laws on Galactic gas evolution. The main results can be summarized as follows.
(1) The history of gas evolution and star formation in the solar neighborhood is not sensitive to the Gaussian and exponential infall rates. For the solar neighborhood, either a Gaussian or an exponential infall rate can well fit the observed G-dwarf metallicity distribution. The model predictions are also compatible with the observed [O/Fe] vs. [Fe/H] relation. If the infall time scale is kept constant, then the predicted behavior for the current properties of the Galactic disk is also similar for the Gaussian and exponential infall rates. The adoption of radial dependence of infall time scale will influence the disk evolution. It is difficult to judge which situation (varying or constant infall time scale) would be more realistic by the current available observations.
(2) The predicted current element abundance profile is not sensitive to details of the infall after the process of chemical enrichment reached a certain level. Concerning the time evolution of the gradient, we suggest that the so-called discrepancy of the gradient evolution among various models could not be described by only one word "steeper" or "flatter". A single linear value of gradient strongly depends on how it is calculated. The situation could be different between the inner and outer disk. The gradient evolution is not only dependent on the adopted forms of the SFR and infall rate but is also significantly affected by the chemical composition of the infalling gas.
(3) Our new treatment of star formation law has resulted in a tighter dependence of SFR on gas surface density than that in Chang et al. (1999) . This has a significant effect on the star formation and gas evolution of the whole disk.
